VdtB, the multiple-copper oxidase (MCO) from the bisnaphthopyrone (M)-viriditoxin biosynthetic 11 pathway in Paecilomyces variotii, was shown to catalyze regioselective 6,6′-coupling of semi-viriditoxin (1). The 12 stereoselectivity of the oxidative coupling reaction for the production of the atropisomer (M)-viriditoxin, however, 13 was controlled by VdtD, a non-catalytic dirigent protein from the pathway. In this work, VdtB either alone or 14 together with VdtD were investigated for its stereoselective control upon coupling of other monomeric 15 naphthopyrone derivatives from the pathway with different minor structural variations in terms of 16 presence/absence of O-methylation at C7-position and C3-C4 △ 2 double bond on the pyrone ring, and the 17 different side-chain modifications. We showed that VdtB could favour either M-or P-form coupling in a 18 substrate-dependent manner. For some substrates, VdtB could catalyze oxidative coupling in an 19 enantiomerically selective manner. The efficiency of the VdtD in exerting stereoselective control of the oxidative 20 coupling reaction also varies between substrates. The results point to a model whereby VdtB and VdtD form a 21 VdtB-ligand-VdtD complex in which the stereochemical outcome of the coupling reaction depends on how the 22 substrate interacts with both proteins, based on the substrate structure. Our findings contributed to a more 23 comprehensive understanding of dirigent protein-mediated MCO-catalyzed stereoselective oxidative coupling 24 reactions in fungi.
loss of methylation at C7/C7′-OH position as expected, but ECD measurement showed that the derivatives all 48 adopted P-chirality, indicating that the substrate structure could potentially have an influence on the 49 stereoselectivity of the VdtB/VdtD-mediated oxidative coupling ( Figure 1B ). On the other hand, recent 50 characterization of MCOs involved in enantiomeric phenol coupling of γ -naphthopyrones highlighted the 51 inherent enantioselectivity of some enzymes in this family, which was previously underestimated. [6b] 52 Inspired by the results above, we set out to test the substrate dependency of the stereoselectivity of 
61
When 1 and 2 were tested, the results remained consistent as previously reported, where the VdtD was 62 shown to direct the stereochemical outcome of the VdtB-catalyzed coupling reaction to produce predominantly 63 bisnaphthopyrone products in M-form. sources were acquired for ECD measurement, which confirmed that they were both in the M-form ( Figure S1 ).
70
Similar results were observed in the case of 5, as in both VdtB/D and VdtB only assays, only a single peak 71 matching to dimeric M-17 was detected as the bisnaphthopyrone product. Chiral HPLC was performed for M-17 72 standard acquired from P. variotii △ vdtF mutant [6d] and 16 from in vitro assay of either 3 or 4 for evaluation of 73 their ee. Under the HPLC conditions applied, we could not detect any peak splitting, which likely indicated that 74 the M-17 is enantiomerically pure ( Figure S2 ). The results are surprising, as VdtD is required for the 75 M-stereoselectivity of the VdtB-catalyzed oxidative coupling for 1 and 2, but not for 3 and 4. The only structural 76 difference between 1 versus 3 and 2 versus 4 is the absence/presence of △ 2 double bond at C3-C4 position on 77 the pyrone ring. The structures of 6 and 7 featured loss of methylation at C7-OH comparing to that of 1 and 2.
78
The two compounds were applied to the in vitro assays to mimic the oxidative coupling in only VdtB cell lysate, and ECD measurement confirmed that they both adopted a P-form ( Figure S1 ). Chiral
83
HPLC was performed for both 18 standard acquired from P. variotii △ vdtC mutantand purified 18 and 19 from in 84 vitro assays. No peak separation was detected ( Figure S2 ). The results indicated the lack of methylation at 85 C7-OH on the monomeric substrates altered the stereoselectivity of VdtB to exclusively produce 86 bisnapthopyrone products in the P-form. The results also showed that VdtD lost its ability to exert 87 M-stereoselectivity on the coupling reactions in the absence of C7-OMe.
88
To explore the competitive influence between C7-OH and the double bond at C3-C4 position, 8-10 were 89 tested. As shown in Figure 2 , single peaks with masses corresponding to the respective dimeric products were 90 detected, regardless of the presence/absence of VdtD. The standards of 20 and 21 were not available from 91 previous study. However, given the well-acknowledged 6,6′ regioselectivity of VdtB and its homologs, [6c, 6e] they 92 were also suggested to be 6,6′-coupling dimers. 22 matched to the P-22 standard acquired from the 93 heterologous expression of vdtAB in A. nidulans. Only 20 was successfully purified from scaled-up in vitro 94 reaction and its chiral HPLC was performed together with P-22 standard. While no peak splitting was detected 95 in trace of 20, one tiny peak corresponding to potentially M-22 was observed, resulting in an ee of 85% in P-22 96 standard ( Figure S2 ). The results suggested a stronger influence of C7-OH over that of C3-C4 double bond on 97 the stereoselectivity of VdtB, and that VdtD has no effect on the stereoselectivity of VdtB for these substrates.
98
VdtE is a Baeyer-Villiger monooxygenase responsible for the generation of methyl ester from the ketone 99 side-chain of the monomeric intermediates 11. [6c] The gene deletion study showed that Δ vdtE mutants 100 produced exclusively bisnaphthopyrone M-23, which corresponds to the dimer of 11. Interestingly, when 11 was 101 used as a substrate for VdtB-only cell-free lysate assay, it resulted in three peaks in LC-DAD-MS trace, which 102 all have identical UV-vis spectrum and mass. Two of the peaks matched to the corresponding standards for 103 atropisomers M/P-23 (M-23 was obtained from WT P. variotii while P-23 was obtained from heating of M-23), 104 but the third peak 24 did not match to any of the dimeric standards we have. Similar results were observed 105 when 12 was tested for VdtB-only assay, where besides M/P-25, an additional peak 26 with identical UV-vis 106 spectrum and mass was detected. Although further structural characterizations were needed for 24 and 26, it 107 seems that the only reasonable explanation is that they are bisnaphthopyrone products derived from a 
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Our results clearly showed that the stereoselectivity of VdtB could be strongly influenced by the structural triad of serine hydrolases. A mutant of VdtD carrying D228S mutation was also generated here to restore the 156 serine in the catalytic triad. Interestingly, the mutant showed same level of stereoselective influence over VdtB 157 and no observable hydrolase activity for the methyl ester moiety in the monomeric substrates, suggesting that 158 the whole protein has undergone neofunctionalization ( Figure S6 ). There were suggestions that there is at least 159 another family of accessory protein that accompanies fungal LMCOs, which is known as fasciclin 160 domain-containing proteins (FACs).The presence of such non-catalytic FACs has been identified in multiple
161
LMCOs-mediated biaryl BGCs, and their importance in the biosynthesis has been highlighted ( Figure S5 ). [6e, 9] 162
In a previous study about the biosynthesis of ustilaginoidins, a FAC was also present in the BGC identified, but 163 its function was uncharacterized. [10] We hypothesize that their role might resemble that of VdtD in viriditoxin 164 biosynthesis.
165
Another interesting hypothesis from this study is that it suggests, for the exclusive production of 166 (M)-viriditoxin to occur in P. variotii, a stringent order of the biosynthetic steps shall be followed in the pathway. This is because the in vitro assay results suggested that VdtB possess considerable substrate flexibility ( Figure   168 S7-S8). For example, VdtC-catalyzed C7-OH methylation has to occur prior to VdtB-catalyzed oxidative 169 coupling for the formation of the M-bisnapthopyrones. . In the previous study, in vitro assay of VdtE also 170 suggested that in order to remain its regioselectivity, 5 but not 11 is the correct substrate. 
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